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DEVELOPMENT OF AN ENRICHMENT MONITOR FOR THE PORTSMOUTH GCEP&
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Los Alamos Natfonal Laboratory
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ABSTRACT

We have developed a pgas-phase UFy enrichment
monitor for use by the International Atomic Fn-
ergy Agency st the Portsmouth Gas Centr!fuge
Enrichment Plant. The c¢nrichment wmonitoring
system provides 8 method for effective nuclear
materiule accountability verification while re-
ducing the effort for both the facility operator
and the inspector. The experience with an in-
plant prototype monitor, the facility and opera-
tional constraints, and the constraints relsted
to international safeguards inspection are de-
scribed in term: of the impact on the wmonitor
design.

I. INTRODUCTION

The Portsmouth Gas Centrifuge Enrichm:nt
Plant (GCEP) has been selected by the Interna-
tional Atomic Energy Agency (IAEA) for interna-
tional safeguarde {inspection. An enrichment
monitoring system, which {s f{ntegral to a pro-
posed IAEA nuclear materials accovntability ver-
{ficatifon plan for GCEP, 1s to be installed at
GCEP to provide the 1AEA with continuous, veri-
fiable, attributes messurements of the gas-phase
feed, product, and tails UFg screams. The
enrichment monit sre designed for GCEP are based
on previous {n-plant experience with a prototype
monitor, on GCEP operational and facility design
constraints, and on constvainte related to I1AEA
international inspection. The enrichment wmoni-
toring system provides a method for effective
nucl:ar materials accountability verifjcation,
while reducing the effort for both the facility
operator and ths 1AFA {napector., The experiance
gained during test and evaluation of the proto-
type gas-phare enrichment monitor installed in
the Paducnh-product feed otation of the Oak
Ridge Gaweoumw Diffusion Plant (ORGDP) and speci-
fic GCEP operational and facility design con-
strainta are di{acunsed in terma of the {mpact
on the GCEP enrichment monitor design.

Bwork supported in part by the U5 Department of
Energy, Offic. ~f SafegiLards and Security.

I1. ASSAY METHOD

The gas-phase enrichment is determined by
combining mennurcment,agf 235y and total uranium
concentrations. The U concentration 1is de-
termined from a measurement of the 185.7-keV
ganma rays emitted from the decay of 23 , and
the total uranium concentration is determined by
measuring the transmission throusu the UF§ Tan
of 60-keV groms rays from an exturnal LRIV
source.

Accuracy of the measurement technique was
first demonsti.ted using a lsboratory prototype
system based on an Nal(Tl, detector and static
UFy samples.* The laboratory prototype produced
results with an assay sccuracy of better than 1X
over the range of UFg enrichments of 0.72-5.4
at.X and uver a range »f UF, pressures from
5.33 x 10% to 1.076 x 10° Pa (7,7-15 paia}. For
1.0%~enriched UFg at 9.31 x 10" Pa (13.5 paia),
a 0.39% relative precision was measured fur a
1-h counting time. As & result of these meas-
urements, an {n-line gas-phase enrichment moni-
tot designad for in-plant use was installed in
the Paducah-product feed line of ORGDP for fiell
test und evaluation.

At the Paducah-product feed statfon, UF
from the Paducah Gaseous Diffusion Flant having
enrichments near 0.9% is 1~d into the Oak Ridge
plant. The UFg pressure at the monitor location
varies betwveen 6.89 x 104 and 1.11 x 10% Pa (10
and 16 psia) with flow rates of 0.057-0.126 kg
UFg/e  (450-1000 1b UFg/h). The most {mportant
aspect of the test was the obsr vation of high
levels of gamma-ray continuum ba kground aesoci-
ated with high concentrations of 238y daughter
products. Because these background levels were
unacceptably high for the desired assay accuracy
of 1X using an Nel(T1) detector, & high-purity
germanfum (HPGe) detector was inatalled in the
monitor.

Submsequent measurements in several operat-
ing enrichment facilities havse smhown thet under
conditions of high UFg flow rates, a tranaport
and plating on pipe walles of nonvolatile thorfum
compounds can be expected. The concontrations



of these 238y daughter products strongly depend
on thc operating conditions and design details
of the facility.

In the current prototype at ORGDP, gaoma
rays are detected using standard high-resolution
gamma-ray spectroscopy techniques based on &
HPGe detector, The enrichment 1 is related to
the measured count rate of 185.7-keV gamma rays
R by

1 = R/(C * &n T60) , (1)

where R is corrected for deadtime losces and at-
tenuation in the gas, T60 is the transmission
of 60-keV gamma rays through the UFg, and C is
the calibration constant. Determination of the
enrichment from Bq. (1) 1is composed of two
parts: wmeasurement of R, ylelding the 235y
concentration in the sample chamber, and weas-
urement of T¢0, ylelding the total uraniur con-
centration in the sample chamber. Because the
measurement accounts for vnariations {in UFg
denaity, the weasured assay is independent of
UFg pressure.

Using the germanium-detector-based monitor,
assay accuracies of 1Y have been achieved for
flowing UF, at an enrichment of 0.9X in the
operati.g plant environment. A comparison of
enrichments determined by the monitor to tag en-
richments determined from gas mass spectroscopy
is presented on a cylinder basis in Table 1.
The enrichment monitor values are the averages
of all measurements made during the feeding of

TANLE 1

COMPANIZON OF !NIICNN:“T MONITOR AND TAG VALUER
or ABSAY

Tag (T) Enrichaent Monitor (EM)
”U Assay Jsl) Assay N -
Cylinder . _ x) . v
1 0.9494 0.93%%) +0.0062
2 0.9544 0.9646 +0.0106
bl 0.9498 0.9441 -0.0060
4 0.9%15 N, 9608 +0.0161
] 0.9%0 0.9432 ~0,0072
(] 0.9490 0.982¢ +0.0144
1 0.930) 0.9320 ~0.019)
[ ] 0.%482 0.93%) -~0.0138
A 0.949¢6 0.929) -0.021)
10 0.94%) 0.93)) -0.0168
11 0.949) 0.94)2 ~0.0084
31 0.9%)¢ 0.9%) 40.003%
1) 0.9440 0.942¢ ~0.0012
14 0.6088)% 0.9047 +0.020%

the respective cylinders. Mass spectroscopy re-
sults are based on gas samples withdrawn down-
stresn from the enrichment monitor and are rep-
resentative of the entire contents of the homog-
enized feed cylinders. The average bias of 14
cylinder wmeasurements performed over the ?-wi
period was 0.2X, and the relative standard devi-
ation of the sample population was 1.3X. The
expected precision for an average cylinder assay
based on the wmonitor counting statistics is
0.5%. Slight fluctuations of the detector posi-
tion probably were responsible for the larger
standard deviation shown in Table I.

II1I. DESIGN CONSIDERATIONS

During the design phase of the enrichment
monitoring system for GCEP, it was realized that
enrichment monitors designed for measuring lig-
uid UFg, like those used routinely at the
Portsmouth Gaseous Diffusion Plant, could not
be used at GCEP because of a lack of single-
phase_liquid flow &t the product-withdrawal sta-
tion.? High flow rates associated with batch
dumping of product desublimation cold-traps
create a two-phase flow of UFg to the wit' Irawal
cylinders, and methods to remove a single-phase
liquid flow for messurement purposes were not
practical because of facility operational and
design constraints. Also, because of space lim-
{itations it the feed and withdrawal building and
a desire to separate the IAEA design and con-
struction activities from the ongoing process
design activities, it was decided to put the en-
richment monitors in a separate IAFA inspector
facility.

In the inspector facility adjacent to the
feed-and-vithdrawal bullding, four enrichment
monftors are connected to the {nterconnecting
process pipewny (IPP). One mon.to' Is connected
to each of the feed, product, ta'.», and spave
tails linen compowing the IPP . 1IPP 1 provides
the UF, connection bhetween the feed-and-with-
drawal building and process huildings 1 and 2.
Because the ammay accuracy required by the pro-
posed TAEA nuclear-materialc-balance verifica-
tion plan cannot be achieved at the UF, gan
premnures in the IPP, a wampling line {ncorpo-
rating compressor pumps hae been demigned to
provide a gas presnure of 4.3 x 10" Pa (6 pata)
at the monitor. Flow rates {n the sample )inea
will be fn the 200- to 1100-mtandard-cm’/min
range.

Use of {'-plant {natrumentation for IAFA
fuapection activities places unique ard atrin-
gent requirementa on the {inmtvumentation Jesfgn.
A pimary concern of che TAEA ie that neassure-
ment results be ver{fiahle, that ia, *1¢ fnapec-
tor must be able to autheuticate the wsample,
aspay procedure, and awsay data transmission.



Also, the inspector is expecte’ c:. be at the
facility for accountancy vVe.ification 12-15
times s yesr for 2~ to 3-day intervals. Conse-
quently, the instrumentation must operate relia-
bly, in an unsttended mode, and must be easy to
operate and maintain.

IV. MONITOR DESIGN DFTAILS

Detailed layout of the monitor is showr in
Fig. 1. The instrument electronics are in the
front cabinet, whi:h also houtass the detector
devar, line-power conditioner, and interface
junction boxes. The rear cabinet is heated and
houses the weasurement chamber, gamma-ray
shielding, radioactive sources, measurement con-
trol shutter devices, UFg piping, {lov wmeter,
and heater elements. An insuisted port in the
heated enclosure accepts the Jetector snout,

) oy
TOIIX

which is kept ot room temperature. The two cab-
inets are thermally isolated from each other to
keep the electronics at room temperature and the
heated enclosure sbove 60°C.

The nieclear alectronics provide the power,
high-voltage bias, and signal processing re-
quired for high-resolution gamma-ray spectros-
copy. All nuclear electronics used in the moni-
tor are standard commercial NIM modules. The
use of modular electroni<s sllows on-site main-
tenante to be performed by the replacement of
Aefective modules.

Th2 detector s a S51-mm-diam, 15-mm-thick,
HPGe planar type wirh an {ntegrally wmounted
3.5-cm~thick lead back shield. Cooling for the
detector, recuired during operation but not dur-
ing storage, is supplied by lJiquid nitrogen

Fig. 1. GCEP gas-phase UFy
front cabinet louses cthe

enrichment monftor. The
miclear electroat:s, data

acquiaition device, line-powar conditioner, detector
devar, and {nterface junction boxes. Thw rear cabinet
fs heated to 60°C and contains the UF, piping, meass-
urement chasber, shietding, radinactive sources, mean~
urement control shutter devices, and flov meter.



contained in a 30-L dewar. The liquid nitrogen
level is maintained by an automatic supply sys-
tem. The detector high-voltage bias supply is
coupled to a low-level liquid nitrogen sensor
that protects the detector electronics by shut-
ting off the bias if the liquid nitrogen level
drops too low.

Signals from the detecvor are f.rat condi-
tioned by a preamplifier integrally mounted to
the detector. The spectroscopy amplifier pro-
cesses the preamplifier signal before the analog
signal is converted to a digital signal by the
analog-to-digital converter.

The programmable data acquisition and con-
trol (PDAC) module provides for automated data
acquisition, data analysis, control, and data
transmission functions. Thc data acquisition
system includes a commercial analog-to-digitel
converter and digital stabilizer. The digital
stabilizer corrects for drifts in the system
gain by tracking the location of an 8B8-keV
gamma-ray peak from 109¢cy  and ad justing the
digital signal before it is received by the
PDAC.

A flow meter is included in the monitor to
provide an indication to the IAEA inspector
that flow through the monitor is continuous.
It 18 therefore used as a flow eswitch ard high
accuracy is not required. The rlow meter is a
commercial mass flow meter using a heated tube
thermal design. A flange connection of the flow
meter to the UF, piping will be used to facili-
tate maintenance of the flow meter.

The chamber {s constructed of 6-in., sched-
ule 10, monel pipe. Ton allow for a reasonable
transmission of 60-keV gamma rays through the
chamber walls, the chamber wall thickness {isa
reduced 5211.5 mm adjacent to the detector and
to the Am source. This design does not com-
compror.ise the system 1eulgn pressure range of
full vacuum to 2.0 x 107 Pa (29.7 peia) at 74°C.
The remaining piping 1s constructed with 1-in.,
schedule 10, monel pipe.

"wo 2-position shutter devices are used for
meanuiement control and calibration. One mhut-
ter device contains a ursuium check source that
is controlled automatically by the PDAC daily.
The uranjum source ashutter is located between
the measur ment chamber and the detector face.
The uranfum source is put in the detector's \iew
and an assay 1i» performed. The result of the
measurement 1e then compared with an expected
value stored in the PDAC memory. During normal
assays the uranium source is shielded fiom the
deteactor. The second shutter device is a shield

that can be inserted in front of the 2%lanm
source for background measurements. The shield
shutter is controlled on demand from the PDAC
front-panel k@ypad. The sh!eld shutter and
uranium source shutter are constructed of 0.635~
and 0.965-cm tungsten plates, respectively.
Each shutter is positioned by an air-driven
piston. The pusiticne of the shutter devices
are monitored by the FDAC.

The main structural frame, major cowpo-
nents, connections, and foundation anchorage of
the enrichment monitors are designed for struc-
tural integrity and stability cousidering iat-
eral earthquake fo-ces for seismic class I1 com-
ponentu.

Interfaces between the monitors, the facil-
ity, and the enrichment monitoring system are
closely controlled by design basis documents and
interface control drawings, which were generai:d
ag 8 cooperative effort between the facility
architect engineer and the development communi-
ty. Jn the case of the enrichment monitors, a
partial list of these interfaces includes the
UFg process piping, electrical power, liquid
nitrogen {riet and vent, inctrument air, elec-
trical signals, physical location, and the fa-
cility environment specifications.

Operation of the enrichment monitor ie con-
trolled by FORTRAN and assembly language pro-
grams stored in the PDAC read-only memory. The
software piovides all functions necessary to
automatically acquire, analyze, and report data.
The procedures for operating the monitor are de-
signed to be as simple as nossible under normal
operation, yet proviae the flexibility to per-
form functions necessary for calibration or di-
agnostice. Aftrr powering up or rebnroting the
system, the normal ossuy procedure im initiated
automatically. All parameters required to per-
form the assay are retrieved from memory, and no
user action or input ¢ necessary.

Operating and maintenance proceduras, which
require an Interface with the GCEP proc.ss sys-
tem, will be the responsibility of GCEF operator
persunnel. Other than those procedures required
for normal operation and maintenance of the
slipstream loop and delfvery o utflities,
these procedures are limited to calibration,
set-up, and maintenance activities for the moni-
tors, which will be controlled by or performed
by an IAFEA {nmpector or by an authortzed JAEA
representative. When an interface with the GCEP
proceus system is required, it will he performed
by GCEP operator personnel under the obmervation
of the inspector or him authorired representa-
tive.



Calibration procedures will include valving
off of the monitors from thLe slipstream using
manual block valves. The process gas will be
removed using a portable purge and evacuation
cart and a UFg sample will be put into the
measurement chamber. The UF; sample will be
contained in a stancard 2S5 or smaller approved
cylinder attached to an evacuation connection
located downstream from the measurement chamber.
A wvarm water bath or similar heating mechanism
will be applied to the sample cylinder to reach
a nominal pressure of 4.1 x 10 Pa (6 psia) 1in
the chamber. An assay will be performed and the
sample gas will be removed from the chamber.
This procedure may be performed several times
to cover the anticipated range of UFy assays.
Measurements will aleo be perform-d on the evac-
uated chamber with the monitor shutters in vari-
ous positions to determine gamma-ray beck-
grounds. After final evacuation of the chamber,
the manual block valves are reopened and the
monitor is returned to normal operation. Sam-
pling of process UFg may also be used to verify
the monitor calibration. Samples can be with-
drawn using a pinch-tube system, or gas samples
ma? be collected in 2S5 or smaller approved cyl-
inders attached to the same evacuation connec-
tion used to introduce UFgy samples. Calibra-
tion procedures are expected to be performed one
to four times a year.

No wmaintenance on the measurement chamber
is anticipated, and maintenance of the UFg
process interface should be limited to that re-
quired for the flow meter.

V. SUMMARY

Evolution of the gas-phase enrichment moni-
tors--from demonstration of the measurement
technique in & laboratory environment throuph
evaluation of a prototype instrument in a poo-
duction facility to the final GCEP enrichment
m.nitor design for IAEA safeguards-~has illuse-
trated the stages involved in transforming a
measurement concept to an operational installa-

tion. The importance of testing measurement
techniques in operating facilities became evi-
dent during this experience. Also, an effective
safeguards system wust be more than an effective
measurement technique. It must be designad to
satisfy the operatio.al and facility constraints
specific to the intended use. This design proc-
ess involves & cooperative effort among plant
designers, plant operators, and instrument de-
velopers. Through this process an effective
enrichment monitoring system has been designed
for the Portsmouth GCEP.
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